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Fertilized mouse eggs exhibit repetitive rises in intracellular Ca21 concentration ([Ca21]i) necessary for egg activation.
Precise spatiotemporal dynamics of each [Ca21]i rise were investigated by high-speed Ca21 imaging during early development
f monospermic eggs. Every [Ca21]i rise involved a Ca21 wave. In the first Ca21 transient, [Ca21]i increased in two steps
eparated by a “shoulder” point, suggesting two distinct Ca21 release mechanisms. The first step was a Ca21 wave that
ropagated from the sperm-fusion site to its antipode in 4–5 s (velocity, ;20 mm/s in most eggs). The second step from the
houlder to the peak was a nearly uniform [Ca21]i rise of 12–15 s. A slight cytoplasmic movement followed the Ca21 wave
in the same direction and recovered in 25–35 s. These characteristics changed as follows, as Ca21 oscillations progressed
during the second meiosis up to their cessation at the stage of pronuclei formation (;3 h after fertilization). (1) The duration
of Ca21 transients became shorter. (2) The shoulder point shifted to higher levels and the first step occupied most of the
rising phase. (3) The rate of [Ca21]i rise became greater and wave speeds increased up to 80–100 mm/s or more. (4) The
transient cytoplasmic movement always resulted from the Ca21 wave, although its displacement became smaller. (5) The
Ca21 wave initiation site was freed from the sperm-fusion or -entry site and eventually localized in the cortex of the vegetal
emisphere. Since the shift of the wave initiation site to the vegetal cortex is observed in fertilized eggs of nemertean worms
nd ascidians, this might be an evolutionarily conserved feature. © 2000 Academic Press
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eINTRODUCTION
An increase in intracellular Ca21 concentration ([Ca21]i)
f eggs at fertilization is the pivotal signal for activation of
he eggs. The Ca21 response of mammalian eggs to fertili-
ation is repetitive transient [Ca21]i rises (Ca21 oscillations),
as shown in all mammals examined to date (Miyazaki et al.,
993; Jones, 1998; Stricker, 1999). The characteristics and
echanisms of the Ca21 oscillations have been analyzed
xtensively in mouse eggs. It is known that the first Ca21
transient occurs 1–3 min after sperm–egg fusion (Lawrence
et al., 1997), in the manner of a wave that begins from the
1 To whom correspondence should be addressed. Fax: 81-22-211-
5791. E-mail: deguchi@ipc.miyakyo-u.ac.jp.
0012-1606/00 $35.00
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All rights of reproduction in any form reserved.perm-fusion site and propagates across the egg (Cheek et
l., 1993; Nakano et al., 1997). The rising phase of the first
a21 transient involves two steps (Jones et al., 1995b; Oda
et al., 1999). The first Ca21 transient lasts for 3–4 min,
whereas succeeding Ca21 transients last for less than 1 min
(Swann, 1992; Miyazaki et al., 1993). Repetitive [Ca21]i rises
cause resumption and completion of the second meiotic
division (Kline and Kline, 1992; Jones, 1998). Ca21 oscilla-
ions last for several hours and cease during entry into the
nterphase, at the time when the male and female pronuclei
re forming (Jones et al., 1995a). Ca21 oscillations in mouse
ggs are caused by repeated Ca21 release from the endoplas-
mic reticulum (ER) mainly through inositol 1,4,5-
trisphosphate receptors (InsP3Rs) (Miyazaki et al., 1993;
Kline and Kline, 1994). Ca21 oscillations are also produced
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300 Deguchi et al.in mouse eggs injected with extracts from hamster (Swann,
1992; Oda et al., 1999), boar (Wu et al., 1997), and human
perm (Sousa et al., 1996; Palermo et al., 1997). The
echanism by which the sperm induces Ca21 release is still
unknown, although it is proposed that Ca21 oscillation-
nducing sperm factor(s) is introduced into the ooplasm
pon sperm–egg fusion (Whitaker and Swann, 1993; Swann,
996). The downstream signaling pathways which link the
Ca21]i rise to postfertilization events are also little known.
For deeper understanding of mechanisms and functions of
a21 oscillations, it is primarily necessary to know precise
patiotemporal aspects of respective Ca21 transients. How-
ver, such information is still insufficient in mouse eggs.
articularly, it is completely unknown whether spatiotem-
oral dynamics of each Ca21 transient could change during
rogression of Ca21 oscillations or progression of meiotic
tages after fertilization. In fertilized eggs of nemertean
orms and ascidians which exhibit Ca21 oscillations
Stricker, 1999), each [Ca21]i rise takes the form of a wave,
and the wave initiation site which is first the sperm-fusion
site gradually shifts to a certain pacemaker region in the
cortex of the vegetal hemisphere during Ca21 oscillations
(Stricker, 1996; Speksnijder, 1992; McDougall and Sardet,
1995). In ascidian eggs, a dynamic cortical contraction
occurs shortly after the first Ca21 transient at fertilization
nd causes cytoplasmic reorganization along the animal–
egetal axis of fertilized eggs (Sawada, 1988). It is interest-
ng to examine whether any similar phenomenon could be
bserved in mammalian eggs.
In the present study, we investigated detailed spatiotem-
oral aspects of each Ca21 transient during early develop-
ent of mouse eggs after fertilization, particularly the Ca21
wave propagation in relation to the site of the sperm
nucleus and the animal–vegetal axis, using a high-speed
Ca21 imaging method with a Ca21 indicator dye injected
nto eggs together with a DNA-specific dye. Morphological
hanges were continuously observed by simultaneous ac-
uisition of bright-field images, and a slight transient move-
ent of the egg cytoplasm during each Ca21 transient was
assessed using the template-matching method.
MATERIALS AND METHODS
Preparation of Gametes
B6D2F1 mice were used in most of experiments. B6C3F1 and
ddY mice were also used to evaluate the generality of results among
strains. Female mice (B6D2F1, 8–12 weeks of age; B6C3F1, 3–4
weeks; ddY, 7–8 weeks) were superovulated by ip injection of 5 IU
pregnant mare’s serum gonadotropin (Teikoku Hormone Mfg.,
Tokyo, Japan), followed 48–52 h later by injection of 5 IU human
chorionic gonadotropin (hCG; Mochida Pharmaceutical Co. Ltd.,
Tokyo). Mature eggs were released from the oviducts into M2
medium (Fulton and Whittingham, 1978) at 13–16 h post-hCG for
B6C3F1 or 16–18 h for B6D2F1 and ddY. Eggs were freed from
cumulus cells by brief exposure to 0.05% hyaluronidase (P-L
Biochemicals, Milwaukee, WI). The eggs were washed several
Copyright © 2000 by Academic Press. All righttimes with M2 containing 4 mg/ml bovine serum albumin (BSA)
and incubated throughout the subsequent procedures.
The sperm of male B6D2F1 (11–18 weeks), B6C3F1 (10 weeks),
and ddY (12 weeks) mice were used for insemination. For capaci-
tation and acrosome reaction, spermatozoa of the vas efferentia and
cauda epididymides were released into a modified Tyrode’s solu-
tion plus 10 mg/ml BSA (supplemented with 20% human serum in
some experiments). The sperm suspension was incubated at 37°C
for 4–5 h (5% CO2 in air).
Microinjection of Fluorescent Dyes
Spatiotemporal patterns of [Ca21]i rises were monitored by
changes in fluorescence intensity of the Ca21-sensitive dye calcium
green-1 dextran (CGD; M r 1 3 104; Molecular Probes, Inc., Eugene,
R). The use of CGD cannot exclude the possibility that the
mplitude of the first Ca21 transient might be not faithfully
recorded, if the peak [Ca21]i could be close to the level that causes
saturation of CGD fluorescence. In the present study, however, the
amplitude of Ca21 transients was not the parameter to be precisely
analyzed. The shoulder point in the rising phase of a Ca21 transient
as expressed by the relative height as a percentage between the
esting (0%) and the peak (100%) fluorescence intensities of CGD
see the inset of Fig. 7A). Several eggs with the zona pellucida were
et in a wedge formed by two coverslips and were injected with
GD solution (25–500 mM CGD, 140 mM KCl, 1 mM MgCl2, and
5 mM Hepes/KOH adjusted to pH 7.3) under a conventional
microscope. The estimated concentration of CGD in the egg was
between 1 and 50 mM. In most experiments, the injection solution
was supplemented with 50 mM 49,6-diamidino-2-phenylindole
DAPI; Sigma, St. Louis, MO), a DNA-specific fluorochrome.
Arrangement of Eggs and Insemination
Dye-injected eggs were freed from the zona pellucida by brief
exposure to acidic Tyrode’s solution (pH 2.5) and subsequent gentle
pipetting. The eggs were transferred to the experimental chamber,
which was filled with 900 ml of BSA-containing M2 medium
overed with paraffin oil and was mounted on the stage of an
nverted microscope (TE300; Nikon, Tokyo). The eggs were placed
n a wedge, being slightly compressed vertically (from the original
iameter of 70 mm to 85–90 mm in the horizontal plane) by two
overslips adhered with a double-stick tape as a spacer. This
olding method prevented eggs from moving upon attachment of
he beating sperm. Each egg was oriented in such way that the
nimal–vegetal axis was on the equatorial plane for microscopic
bservation. The animal pole was determined by the granular
tructure-free area near the egg surface (see Fig. 1Aa) at which the
API-stained chromatin was located (Fig. 2D).
Eggs were inseminated by the sperm at extremely low concen-
ration, since zona-free eggs are susceptible to multiple sperm
enetration. Only a single spermatozoon entered in most eggs,
lthough a few spermatozoa attached to the egg surface. The
resent method of holding the egg allowed the sperm to access the
gg in the horizontal plane. Temperature was kept at 31–33°C
hroughout the experiment by a heat-controlled metal plate placed
n the microscope stage.
[Ca21]i Measurement
The microscope was equipped for epifluorescence and Nomarski
observation and was also coupled to a high-speed Ca21 imaging
s of reproduction in any form reserved.
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301Ca21 Waves in Fertilized Mouse Eggssystem (ARGUS/HiSCA; Hamamatsu Photonics, Hamamatsu, Ja-
pan). For excitation of CGD, 480-nm blue light reflected by a
dichroic mirror 1 at ,505 nm was led to eggs through an objective
lens (Super Fluor 340, NA 0.90, or Plan Fluor 320, NA 0.45;
Nikon). Emitted fluorescence was passed through the same di-
chroic mirror 1 and was reflected by another dichroic mirror 2 at
,580 nm. Then the light was filtered by a band-pass filter (540 6 20
m) and was detected by a cooled CCD camera (C6790;
amamatsu Photonics). Each fluorescence image was obtained by
n exposure of excitation light for 0.073 s. Intervals of image
cquisition were changed frequently during an experiment, de-
ending on the purpose: 0.45- to 0.75-s intervals to record Ca21
images during the rising phase of each Ca21 transient and 5–30 s for
ther phases and basal [Ca21]i to minimize the exposure to excita-
ion light. One to four Ca21 transients were recorded in a single egg.
Visualization of Chromatin and Bright-Field
Observation
For visualization of the male and female chromatin, DAPI which
was injected into eggs together with CGD was excited by 360-nm
ultraviolet light using dichroic mirror 3 (,400 nm) before and after
[Ca21]i measurement. Images were acquired by the CCD camera
described above and were stored as digital images.
During [Ca21]i measurement, the position of the sperm head in
he egg as well as the appearance of fertilized egg was observed as
bright-field image obtained by illumination of red light (.610
m). Transmitted images were passed through dichroic mirrors 1
nd 2 described above, detected by a CCD camera (C2400;
amamatsu Photonics), and recorded continuously on a videotape.
hus, bright-field images and CGD fluorescence images were
ecorded simultaneously without mutual interference. Eggs were
ometimes observed using Nomarski optics and were recorded by
he same CCD camera, although [Ca21]i measurement was tran-
iently interrupted.
Data Analysis
Data analysis was restricted to (1) the eggs which only a single
sperm entered and (2) the eggs in which both the animal pole and
the sperm nucleus were positioned roughly on a focal plane.
Processing was performed with NIH Image (a public domain image
processing software for the Macintosh computer). The fluorescence
intensity of CGD differed in every unfertilized egg, depending on
the intracellular concentration of CGD. Furthermore, the shape of
fertilized eggs changed gradually during long-term recording. Thus,
each fluorescence image during the targeted Ca21 transient (F) was
normalized by dividing the image by the “resting image” (basal
fluorescence, FB; an averaged image of four successive images just
before the [Ca21]i rise) in a pixel-to-pixel manner (F/FB). Bright-field
images on videotape were converted to digital images, each of
which was constituted by averaging two successive images re-
corded at the interval of ;0.3 s.
Analysis of Cytoplasmic Movement
A slight transient movement of the egg cytoplasm was assessed
using the template-matching method (Russ, 1995) by calculating
cross-correlation of sequential digitized bright-field images. To
quantify a local movement of the cytoplasm at a given point (Pi) in
the kth image (Bk) from the reference image (Bo), the square area of
64 3 64 pixels around Pi in Bk was selected as the field for B
Copyright © 2000 by Academic Press. All rightmatching (I f). As the template image (I t), the area of 32 3 32 pixels
round Pi in Bo was selected and expanded to 64 3 64 pixels by
dding a “collar” of 16 pixels wide with the mean value of I f to all
four edges. The cross-correlation image (I c) was obtained by calcu-
lating two-dimensional Fourier transforms of I f and I t, multiplying
the former by the complex conjugate of the latter, and then
calculating inverse the Fourier transform of the result. The dis-
placement due to the local cytoplasmic movement during the
period between Bo and Bk was able to be obtained directly from the
isplacement of the position of the highest value in I c (i.e., the
position of the best matching) from the center. Calculating cross-
correlation at Pis covering the whole ooplasm in Bks could provide
the trails of local movement of each points as series of x–y
coordinates. The velocity (v) of movement at a given time point (t)
as calculated by fitting a vector to a set of x–y coordinates for Pi
during the period between t 2 Dt and t 1 Dt. The x and y
components of v were obtained from the slopes of the regression
lines fitted to the time series of x and y coordinates during this
eriod, respectively. The appropriate value of Dt depended on the
peed of movement to be detected; Dt should be the larger to detect
he slower movement and vice versa.
RESULTS
Ca21 Oscillations and Morphological Changes after
Fertilization
Figure 1A shows the outline of Ca21 oscillations, together
ith morphological changes, in mouse eggs after gamete
usion. The zero time was defined as the time when the
perm bound to the egg surface. The resumed second
eiosis (meiosis II) and subsequent pronuclei formation
rogressed normally, except in 1 of 34 eggs examined, under
he condition in which the eggs were slightly compressed in
he experimental chamber and were irradiated with rela-
ively strong blue light for Ca21 imaging. The second polar
body (Pb II) and male and female pronuclei were formed at
;90 min (between b and c in Fig. 1A; arrows 3 and 4) and at
;170 min (Fig. 1Ad, arrows 6 and 7), respectively. In Fig.
1A, the animal pole was located at the 11 o’clock position
(Fig. 1Aa, arrow 1), and the sperm bound to the egg at the 8
o’clock position (arrow 2). A slight protrusion of the egg
surface was formed at the sperm-fusion site at ;2 h (Fig.
1Ac, arrow 5), and the male pronucleus was formed after the
protrusion was withdrawn (Fig. 1Ad, arrow 7). The clear
pronuclei with large nucleoli were observed at ;4 h (Fig.
1Ae, arrows 8 and 9). Five of seven fertilized eggs developed
into two-cell embryos in the next day, when they were kept
in the experimental chamber placed in a CO2 incubator.
The first Ca21 transient occurred 1–4 min after the stop of
flagellar motion of the sperm on the egg surface. Subse-
quently, repetitive Ca21 transients occurred at intervals of
20 to 30 min (Fig. 1A). The frequency of Ca21 transients
ppeared to be lower than that shown previously in mouse
ggs (Jones et al., 1995a). This may arise from the difference
n experimental conditions or may be partly due to fertili-
ation by a single sperm in the present experiments. The
ean intervals between Ca21 transients measured in eggs of6D2F1 mice were as follows: interval between the first and
s of reproduction in any form reserved.
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302 Deguchi et al.the second Ca21 transients, 11 min (6–19 min in the range,
5 13 eggs); interval between two Ca21 transients just
FIG. 1. The outline of Ca21 oscillations and morphological changes
which the pronuclei had been formed (B). The zero time is the time of s
the rising phase of each Ca21 transient, but 3–30 s at other phases, de
f CGD within a circle (two-thirds of the egg diameter) was divided by
mages (a to e) were taken at the time indicated by the arrow on the rec
pparatus was located); 2, sperm-fusion site; 3 and 4, extruding and com
ucleus was positioned; 6 and 8, female pronucleus; 7 and 9, male p
omewhat apart from the original position of the meiotic apparatus (11
t al., 1984). Scale bar is 20 mm. The dark zone in bright field-images
pper coverslip for holding the egg (see Materials and Methods). Ca
reflection mode from the bottom of the dish. In B, thimerosal was adbefore Pb II formation, 20 min (9–34 min, n 5 7); that
Copyright © 2000 by Academic Press. All rightbefore pronuclei formation, 31 min (26–40 min, n 5 4).
Values obtained from eggs of B6C3F1 and ddY mice were
ertilized egg (A) and thimerosal-induced Ca21 oscillations in an egg in
–egg binding. The sampling interval of Ca21 images was 0.45 s during
ing on the rate of [Ca21]i change. Averaged fluorescence intensity (F)
asal value (FB) immediately before the first Ca21 transient. Bright-field
rrow 1, animal pole (a granular structure-free area where the meiotic
ely extruded second polar body; 5, a slight protrusion where the sperm
cleus. The second polar body was formed at the 1 o’clock position,
ck position). That is often the case in fertilized mouse eggs (see Maro
ch were obtained by transmitted light was caused by the edge of the
ages were not disturbed by this coverslip, as they were obtained by
t 480 min after fertilization (final concentration, 200 mM).in a f
perm
pend
the b
ord. A
plet
ronu
o’clo
whi
21 imroughly comparable to those values described above. Thus,
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303Ca21 Waves in Fertilized Mouse Eggsthe interval of Ca21 transients was progressively prolonged,
and eventually, Ca21 oscillations ceased around the time
when the pronuclei were recognized (Fig. 1Ad). At the
pronuclear (PN) stage, one Ca21 transient was recorded only
in 2 of 14 (2/14) eggs examined. The eggs at the PN stage,
however, exhibited high-frequency Ca21 oscillations in re-
sponse to 200 mM thimerosal (3/3 eggs; Fig. 1B), a thiol
reagent that is known to induce Ca21 oscillations by sensi-
tizing Ca21-induced Ca21 release (Swann, 1991) and InsP3R-
mediated Ca21 release (Miyazaki et al., 1992). Thus, Ca21
oscillations cease at the PN stage as shown previously
(Jones et al., 1995a), but the ability to generate Ca21
oscillations is preserved. In the following sections, Ca21
transients were classified into four groups: the first, the
FIG. 2. The first Ca21 transient at fertilization. (A) Temporal pat
(arrowhead). The zero time was defined by the time when the restin
Ca21 images were sampled every 0.74 s during the rising phase and
part indicated by the horizontal bar in A. F/FB was measured at th
y three different lines of corresponding numbers (right). (C) A br
structure-free area and the fertilizing sperm are visible at the 3 and 1
image before fertilization that shows DAPI-stained chromosomessecond, the succeeding Ca21 transients until Pb formation b
Copyright © 2000 by Academic Press. All right(at “pre-Pb II” stage), and those after Pb formation until the
PN stage (“pre-PN” stage). Spatiotemporal aspects of each
Ca21 transient were analyzed, using the data from three
different species (B6D2F1, B6C3F1, and ddY) which were
basically identical.
Two-Step [Ca21]i Rise in the First Ca
21 Transient
Figure 2A shows the first Ca21 transient, and Fig. 2B
resents its rising phase with the expanded time scale at
hree areas (the site of sperm–egg fusion, central region, and
ntipode). The zero time was set at the time when the
esting image for the denominator of ratio images was
aken, 120 s prior to the shoulder point (see below). The
including a shoulder point (arrow) in the rising phase to the peak
age for FB was taken (ratio 5 1.0) 120 s prior to the shoulder point.
r 20 s at the later phase. (B) Expanded record corresponding to the
ites indicated by small circles 1, 2, and 3 (left) and was presented
field image obtained during the first Ca21 transient. The granular
lock positions, respectively. Scale bar is 20 mm. (D) A fluorescence
e granular structure-free area.tern
g im
5 o
ree s
ight-
2 o’casal [Ca21]i, particularly near the sperm-fusion site, was
s of reproduction in any form reserved.
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304 Deguchi et al.gradually increased, and a rapid [Ca21]i rise was generated
hen [Ca21]i reached a certain level after the gradual [Ca21]i
rise of ;1 min. The temporal pattern of the first Ca21
transient was characterized by a two-step [Ca21]i rise which
was divided by a distinct inflection point (Fig. 2A, arrow).
This pattern was observed in 19/21 eggs. In two exceptional
eggs, which were obtained from the same animal, [Ca21]i
once declined from the first peak nearly to the original level
and increased again to another higher peak in two steps
associated with an inflection point at the same level as the
first peak (data not shown). The inflection point is referred
to as “shoulder” for the following analysis. After reaching
the peak (Fig. 2A, arrowhead), [Ca21]i showed small oscilla-
ory changes and a subsequent plateau (Fig. 2A). Another
ronounced feature in the temporal pattern of the first Ca21
transient was the longer duration, compared with those of
later Ca21 transients. The duration was 4.5 min in Fig. 2A.
Ca21 Wave in the First Ca21 Transient
The spatial aspect of the first Ca21 transient was charac-
terized by a point-source wave that propagated across the
egg during the first step of [Ca21]i rise. Pseudocolor images
n Fig. 3A are Ca21 images acquired every 0.75 s during the
ising phase of the first Ca21 transient in the same egg as for
Fig. 2. The wave initiation site corresponded to the sperm-
fusion site (the 12 o’clock position in Fig. 2C), ;85° apart
from the animal pole which was identified in bright-field
images (the 3 o’clock position in Fig. 2C) and determined by
the DAPI-stained chromatin (Fig. 2D). The propagating Ca21
wave is also demonstrated by Fig. 2B, which shows the
successive delay in the [Ca21]i rise at the central region and
antipode. The [Ca21]i rise was augmented during propaga-
ion, so the [Ca21]i rise at the antipode was faster than that
t the other two areas in Fig. 2B. The wave velocity was ;20
mm/s (see the inset of Fig. 7B for the description of calcu-
lation). When the wave reached the antipode, [Ca21]i at-
ained a plateau level nearly uniform in the whole egg (Fig.
A), the level that corresponded to the shoulder (Fig. 2B).
Ca21]i stayed at the plateau level for several seconds and
hen increased again to the much higher peak. In this
econd step, somewhat spatial heterogeneity in the [Ca21]i
rise was seen (third row of Ca21 images in Fig. 3A), in
ddition to an artifact involved in the surface area due to
FIG. 3. Ca21 wave and cytoplasmic movement during the rising ph
The position of the sperm-fusion site and that of the animal pole
image (second row, left). (A) Ca21 images (pseudocolor images) an
illustrations). The number presented in each image is the time (in s
in Fig. 2B. Color bars indicate ranges of fluorescence ratio (F/FB). F
of the local velocity, detected by applying the template-matching m
Vectors every 1 s are presented after calculation by setting Dt 5 1.5
is the reference image. In other images, only the contour of the egg w
were selected in the reference image are spaced by 32 pixels (app
quarter of the egg. Black grid indicates the coordinates of the original pos
Copyright © 2000 by Academic Press. All righteformation of the egg (see below). However, no clear wave
attern was observed, even when Ca21 images were sampled
at the interval of 0.45 s (not shown).
Cytoplasmic Movement during the First Ca21
Transient
A transient deformation of the egg was clearly observed
on successive bright-field images during the first Ca21
transient in all eggs examined (n 5 21), although the extent
was different among strains and batches. The deformation
was the consequence of a transient movement of the
cytoplasm which appeared to be a slow movement in the
direction of the Ca21 wave and a subsequent rapid backward
(recovery) movement. Figure 3A (black-and-white illustra-
tion) is the vector presentation of local cytoplasmic move-
ment using the template-matching method by calculating
cross-correlation of digitized images every 1 s (see Materials
and Methods and legend for details). First, the cytoplasm of
the 12 o’clock position (the sperm-fusion site) and the
central region moved toward 6 o’clock (see the image of
111 s), when the Ca21 wave was traveling across the middle
f the ooplasm. Second, the vector in most points in the
oplasm directed successively toward 5 o’clock (image of
14 s), 3 o’clock (image of 118 s), and then 12 o’clock (image
f 122 s). Third, a relatively fast movement occurred toward
1 or 10 o’clock (images of 125–127 s). Fourth, the last
ovement was directed toward 9 or 8 o’clock (images of
29–130 s). Figure 3B shows the coordinates of the original
ositions in the template image (106 s; before movement) as
grid and the respective best matching positions (white
rosses) in the images of 119 and 127 s (during movement).
s shown in Fig. 3C, the trails of each set point in the
oplasm indicated a counterclockwise rotational move-
ent in the whole egg, although the displacement was
ather small.
The egg was slightly deformed during the cytoplasmic
ovement. In Fig. 3B, for example, the 12 o’clock position
the sperm-fusion site) was dented at 119 s, while it was
xpanded at 127 s (see the egg contour in relation to the
rid). The deformation of the egg was indicated by an
rtifact in the fluorescence ratio images (F/FB) in Fig. 3A:
he depressed or expanded region as lower (blue) or higher
yellow or red) ratio values, respectively, in the periphery of
of the first Ca21 transient in the egg from which Fig. 2 was obtained.
dicated by arrows “sp” and “AP,” respectively, in the bright-field
tor presentation of local cytoplasmic movement (black-and-white
ds) of acquisition. The zero time (left top image) corresponds to that
ctor presentation, each arrow encodes the direction and magnitude
od to the time series of bright-field images taken at 0.5-s intervals.
Materials and Methods). The first image (gray-scale image of 106 s)
ft by cutting lower brightness. Lattice points for the analysis which
ately 11 mm). (B) Magnified bright-field images of the upper leftase
are in
d vec
econ
or ve
eth
s (see
as le
roxim
itions in the template images (the image of 106 s), and white crosses
s of reproduction in any form reserved.
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l
mndicate the positions at which the templates were best matched in the local fields in the images of 119 and 127 s. Note that nonspecific
ocal patterns of the cytoplasm, not specific structure such as granules, are well tracked by each point. (C) The trails of local cytoplasmic
ovement drawn by tracking each set point during the period from 107 to 133 s.Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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306 Deguchi et al.the egg. The 11–12 o’clock position was first dented (see
images of 115.9–118.1 s). The depressed area shifted coun-
terclockwise to 9 and 6 o’clock, while the opposite side was
expanded.
Precise examination in four eggs showed that the cyto-
plasmic movement begins soon after the start of the first
Ca21 wave (;3 s in the case of Fig. 3A) consistently in the
irection of the Ca21 wave and that the depression of the egg
was always initiated from the sperm-fusion site and spread
toward the antipode. The transient cytoplasmic movement
ceased in 25–35 s. At that time, [Ca21]i rise had reached its
peak.
Second Ca21 Transient
The temporal pattern of the second Ca21 transient that
ppeared ;10 min after the first one is illustrated in Figs. 4A
nd 4B. The second Ca21 transient was preceded by a gradual
FIG. 4. The second Ca21 transient in the same egg as for Figs. 2 and
are the same as those in Fig. 2.Ca21]i rise as well. Compared with the first Ca21 transient, (1) a
Copyright © 2000 by Academic Press. All rightthe duration was considerably shorter (;2 min), (2) the shoul-
der point became higher relative to the peak (arrow and
arrowhead in Fig. 4A), and (3) [Ca21]i rise became faster. The
spatial pattern of the second Ca21 transient involved a point-
ource Ca21 wave across the egg in the first step of [Ca21]i rise
to the shoulder (Figs. 4B and 5A). The second Ca21 wave,
owever, did not always start from the sperm-fusion site. For
xample, in the egg shown in Fig. 4, the second Ca21 wave
egan from a point ;135° apart from the sperm-fusion site
Figs. 4C, 4D, and 5A). As another notable aspect, the propa-
ation velocity increased to ;50 mm/s, corresponding to the
greater rate of [Ca21]i rise (see the last section for its calcula-
ion and evaluation). After the Ca21 wave reached the anti-
ode, [Ca21]i was held at a plateau level for several seconds and
then elevated to the peak with slight heterogeneity in the egg
(Figs. 4B and 5A). A slight cytoplasmic movement occurred
during the second Ca21 transient as well. The displacement
was smaller than that associated with the first Ca21 transient,
he sampling interval of Ca21 images and the modes of presentation3. Tnd the direction of the initial movement was not clearly
s of reproduction in any form reserved.
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examined precisely.
Ca21 Transients during and after Polar Body
Formation
The position of separating chromosomes during Pb II
formation was recognized as two protrusions around the
animal pole (Fig. 1Ab). After Pb II was completely ex-
truded, the site above the sperm nucleus was protruded
FIG. 5. Ca21 wave and cytoplasmic movement during the rising p
that of the animal pole are indicated by arrows “sp” and “AP,” res
a21 transients in the egg for Fig. 4. (B) Ca21 transient in an egg at
the pre-PN stage (the egg for Fig. 6F). Ca21 images were acquired ev
ytoplasmic movement every 2 s during the Ca21 transient show
ray-scale image is the reference image for the template matching
n this egg.(Fig. 1Ac). The protrusion was withdrawn upon pronuclei [
Copyright © 2000 by Academic Press. All rightormation (Fig. 1Ad). Spatiotemporal aspects of a typical
a21 transient at the pre-Pb II stage and the pre-PN stage
are shown in Figs. 5B, 6A, and 6B (at ;50 min after
fertilization) and Figs. 5C, 6E, and 6F (at ;2 h after
fertilization), respectively. Both Ca21 transients were
basically similar. Compared with the second Ca21 tran-
ient, (1) the transition from the gradual [Ca21] i rise to the
apid [Ca21] i rise was faster, (2) the duration was even
horter (;1 min; Figs. 6A and 6E), (3) the shoulder
elative to the peak became higher, and (4) the rate of
of later Ca21 transients. The position of the sperm-fusion site and
vely, in the first image of each part. (A) Ca21 images of the second
pre-Pb II stage (the egg for Fig. 6B). (C) Ca21 transient in an egg at
.74 s in A and B or 0.52 s in C. (D) Vector presentation of the local
C, calculated in the same way as in Fig. 3A by setting Dt 5 4 s.
ise correlation between bright-field images and Ca21 images failedhase
pecti
the
ery 0
n in
. PrecCa21] i rise became even greater, associated with the
s of reproduction in any form reserved.
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308 Deguchi et al.much higher velocity of the point-source Ca21 waves
;90 mm/s for Fig. 6B and ;100 mm/s for Fig. 6F). The
Ca21 wave started from a cortical region ;50° (Figs. 5B,
6C, and 6D) or ;125° (Figs. 5C, 6G, and 6H) from the
position of the sperm nucleus. It should be noted that the
wave initiation site was located in the vegetal hemi-
sphere in these eggs.
Figure 5D shows a cytoplasmic movement in the egg at
the pre-PN stage, although precise time correlation be-
tween bright-field images and Ca21 images failed. The
ovement was first directed from the 1 to the 7 o’clock
osition, consistent with the direction of the Ca21 wave
Fig. 5C). The direction was different from that of the Ca21
wave in 1/4 eggs at pre-Pb II and pre-PN stages.
Characterization of Respective Ca21 Transients
Parameters of all Ca21 transients recorded were collected
and compared among four groups: the first Ca21 transient
FIG. 6. Ca21 transients at the stages of pre-Pb II (A–D) and pre-PN
those in Fig. 2. In D, the DAPI-stained egg chromosomes and the spe
(G) A Nomarski image obtained several minutes after the Ca21 tr
osition and in the second polar body) and the sperm nucleus (at
rotruded egg cortex, which is also recognized in G. Scale bar is 2(T-1), the second one (T-2), the Ca21 transients at the pre-Pb
Copyright © 2000 by Academic Press. All rightI stage, and those at the pre-PN stage. In Figs. 7 and 8, the
alues obtained from the same egg at different stages are
onnected by a line.
Duration. The duration of Ca21 transients was defined
s the time from the onset of rapid [Ca21]i rise to the return
o the basal level. It was 269 6 19 s in T-1 (mean 6 SEM,
n 5 21), 102 6 4 s in T-2 (n 5 17), 82 6 4 s at pre-Pb II (n 5
4), and 68 6 7 s at pre-PN (n 5 9). Thus, the duration
ecame shorter in later Ca21 transients.
Shoulder point. The relative height of the shoulder
point in the rising phase of Ca21 transients was calculated
as a percentage between the resting (0%) and the peak
(100%) fluorescence intensities of CGD (see Fig. 7A). As
shown in Fig. 7A, values in T-1 were concentrated near the
middle point (40–55%). The shoulder in T-2 was shifted to
higher points (70–100%), which were not related to the
time for T-2 to occur after fertilization (from 6 to 19 min).
At pre-Pb II and pre-PN, the shoulder points were compa-
rable to the respective peak levels (100%) in most cases.
H) in two different eggs. The modes of presentation are similar to
ucleus are visible at the 10 and the 7 o’clock position, respectively.
nt. (H) Completely separated egg chromosomes (at the 7 o’clock
o’clock position). Note that the sperm nucleus is located at the
.(E–
rm n
ansie
the 4These changes resulted from elevation of the absolute
s of reproduction in any form reserved.
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309Ca21 Waves in Fertilized Mouse Eggs[Ca21]i level of the shoulder point rather than reduction of
the peak [Ca21]i level, since the magnitude of F/FB at the
shoulder point increased in all cases compared in the same
eggs. The values were T-2 . T-1 in 15/15 eggs and pre-Pb
II . T-2 in 7/7 eggs.
Wave velocity. The first step of [Ca21]i rise up to the
shoulder took the form of a point-source wave in most
cases. In exceptional cases, a clear wave was not detected by
acquisition of images every 0.45 s (2/21 eggs for T-1, 1/17
for T-2, 0/14 for pre-Pb II, and 1/9 for pre-PN). The wave
velocity (see Fig. 7B for calculation) was 27 6 5 mm/s in T-1,
56 6 5 mm/ in T-2, 73 6 5 mm/s at pre-Pb II, and 90 6 11
mm/s at pre-PN. Although the values were scattered in wide
ranges even in the same groups (Fig. 7B), the velocity tended
FIG. 7. Progressive changes in the height of shoulder point (A) and
the wave velocity (B). Values obtained from the same egg at
different stages are connected by a line. Recorded Ca21 transients
were divided into four groups: the first Ca21 transients (T-1), the
econd ones (T-2), the Ca21 transients at the pre-Pb II stage, and
those at the pre-PN stage. In A, the method of calculation is shown
in the lower right. In B, wave velocity was calculated from the time
difference of the [Ca21]i rise and the distance between the wave
initiation site and its antipode. Practically, two small circles were
set at the two sites, and time difference was measured at the
midpoint of the first step of [Ca21]i rise (see upper left).to be greater in the later Ca21 transients. The value was
Copyright © 2000 by Academic Press. All right-2 . T-1 in 11/12 cases and pre-Pb II . T-2 in 6/6 cases,
compared in the same eggs. The possibility of overestima-
tion of the values for later Ca21 transients was not excluded,
f the Ca21 wave might begin at an area that was out of the
ocal plane under observation.
Rate of [Ca21]i rise. The maximal rate of increase in the
CGD fluorescence during the first step of [Ca21]i rise was
calculated from {(Fn11 2 Fn)/Fn}/(tn11 2 tn). The value was
.15 6 0.01 in T-1, 0.71 6 0.08 in T-2, 1.00 6 0.07 at pre-Pb
II, and 0.91 6 0.08 at pre-PN. The value was T-2 . T-1 in
11/12 cases and pre-Pb II . T-2 in 6/6 cases, compared in
the same eggs. Thus, the wave velocity increases in parallel
with the rate of [Ca21]i rise during Ca21 oscillations.
Wave initiation site. The Ca21 wave initiation site was
xamined in terms of the angle (a) against the site of
sperm–egg fusion or the sperm nucleus (Fig. 8A). Values
were 0–25° in T-1, but were diversified as the developmen-
tal stage advanced. This implies that the first Ca21 wave is
induced directly by sperm–egg fusion but begins from
sperm-independent sites in succeeding Ca21 transients. The
elation between the wave direction and the animal–vegetal
xis was examined by determining the angle (b) between
the wave initiation site and the animal pole (Fig. 8B). Values
in T-1 were widely distributed (50–170°), whereas percent-
age of lower values decreased in T-2. They were near or over
the 90° line at pre-Pb II and over 120° in most eggs at
pre-PN. In Fig. 8B, values from the same eggs are shown by
circles connected with solid lines. The angle increased in
the later Ca21 transient in most eggs, although it rather
decreased in some eggs in which the first Ca21 wave started
ear the vegetal pole. As a whole, the Ca21 wave was
rranged to start from a cortical region in the vegetal
emisphere as the developmental stage advanced.
DISCUSSION
The present study demonstrated that the rising phase of
every Ca21 transient during Ca21 oscillations in fertilized
ouse eggs takes the form of a wave. The first Ca21 wave
egins near the site of sperm–egg fusion. The wave initia-
ion site changes to an arbitrary cortical region in the
egetal hemisphere as Ca21 oscillations progress during the
dvance of meiosis II. Each Ca21 wave causes a transient
cytoplasmic movement. A characteristic property in mouse
eggs is two distinct spatiotemporal kinetics of the [Ca21]i
rise: a propagating [Ca21]i rise followed by a non-wave-type,
oughly uniform [Ca21]i rise. The former becomes predomi-
ant in the rising phase of the later Ca21 transients, associ-
ted with the faster rate of [Ca21]i rise and wave propaga-
ion.
Basis for Two-Step [Ca21]i Rise
The two-step [Ca21]i rise in the first Ca21 transient has
been pointed out previously (Jones et al., 1995b; Oda et al.,
1999), and similar kinetics are observed in eggs injected
s of reproduction in any form reserved.
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310 Deguchi et al.with sperm extract into the cortex at relatively low concen-
trations (Oda et al., 1999). We confirmed the phenomenon
in three different strains (B6D2F1, B6C3F1, and ddY) and
found that a Ca21 wave participates only in the first step
which attains a midpoint of the total [Ca21]i rise. [Ca21]i
stayed at the midpoint uniformly in the ooplasm for several
seconds (or declined nearly to the basal level in a few cases)
and then increased again up to the peak, suggesting that two
separable steps are caused by distinct Ca21 release mecha-
isms. It has been shown that type I InsP3R is the major
isoform of InsP3Rs expressed in mouse eggs and distributes
over the ooplasm (Parrington et al., 1998; Fissore et al.,
999). Type II distributes as small clusters over the oo-
lasm, but its expression is much lower than that of type I
Fissore et al., 1999). Type II and III ryanodine receptors
RyRs) are also expressed (Ayabe et al., 1995), although
FIG. 8. Progressive change in the wave initiation site. Values obt
Distribution of the angle a between the wave initiation site and th
ucleus. (B) Distribution of the angle b between the wave initiatioyanodine on its own did not induce Ca21 release in eggs of d
Copyright © 2000 by Academic Press. All rightF1 (Kline and Kline, 1994) or B6D2F1 mice (our unpub-
ished data). Since both InsP3Rs and RyRs are sensitized by
n increase in [Ca21]i (Coronado et al., 1994; Miyakawa et
al., 1999), they can mediate Ca21-induced Ca21 release
CICR) (see Miyazaki et al., 1993). It is postulated that a
ocalized Ca21 release is induced by the sperm near its
fusion site and a Ca21 wave is produced by successive CICR
across the ooplasm (Lechleiter and Clapham, 1992;
Miyazaki et al., 1993).
The second step is suggested to be mediated by another
ype of Ca21 release channel which is slowly activated by
levated [Ca21]i at the shoulder point. Thus, the first and
second [Ca21]i rises are likely to be mediated by multiple
Ca21 pools involving distinct Ca21 release channels with
higher or lower sensitivity to Ca21 and faster or slower
ctivation kinetics to induce CICR, respectively. The can-
from the same egg at different stages are connected by a line. (A)
ddle of the head of the fertilizing sperm or the incorporated sperm
e and the animal pole.ained
e miidate of the first channel is type I InsP3R, as sperm-induced
s of reproduction in any form reserved.
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311Ca21 Waves in Fertilized Mouse Eggsand sperm extract-induced Ca21 oscillations are completely
locked by a monoclonal antibody, 18A10, against type I
nsP3R (Miyazaki et al., 1993; Oda et al., 1999). The
etermination of responsible channels depends on future
tudies.
Changes in Kinetics of Ca21 Release
The [Ca21]i level of the shoulder point became higher in
he second Ca21 transient and was comparable to the peak
[Ca21]i at the stage of pre-Pb II and pre-PN. Thus, the major
art of the rising phase relies on a propagating [Ca21]i rise in
later Ca21 transients. In parallel with this phenomenon, the
ave velocity as well as the rate of [Ca21]i rise increased as
Ca21 oscillations progressed. These kinetic changes may
arise from modification of Ca21 release channels. It has been
hown that the threshold amount of injected Ca21 to induce
a21 release decreases to ;1/10 after fertilization in ham-
ster eggs (Igusa and Miyazaki, 1983). This remarkable
enhancement of CICR is also produced by injection of
hamster sperm extract into hamster (Swann, 1994) and
mouse eggs (Swann and Lai, 1997). It is conceivable that a
sperm factor(s) which is introduced into the ooplasm sen-
sitizes Ca21 release channels at the cortical area near the
perm-fusion site and induces a localized Ca21 release for
riggering the first Ca21 wave. The sperm factor or its
secondary messenger in the ooplasm diffuses and sensitizes
the first Ca21 release channels over a wide area. In the
second Ca21 transient, therefore, the rate of CICR is so
ccelerated that the Ca21 wave propagates faster and Ca21
release is equilibrated with Ca21 uptake to the ER at a
higher shoulder point. The effect of diffusing factor is more
pronounced with time. The wave velocity reached 80–100
mm/s or more at the stage of second meiotic division and
pre-PN. It is the largest value ever reported for Ca21 waves
in fertilized eggs (see Jaffe, 1991; Stricker, 1999).
The duration of the first Ca21 transient is much longer
than those of succeeding ones. The initial Ca21 release that
is the first experience for the egg may involve mobilization
of Ca21 from reserve stores. Once explosive Ca21 release
took place, the reserve stores may be hardly refilled. The
progressive shortening of the duration could be due to
facilitated Ca21 uptake to the ER during Ca21 oscillations
nd/or downregulation of Ca21 release channels. Ca21 oscil-
lations ceased at the PN stage, as shown previously (Jones et
al., 1995a). The sensitivity of InsP3-induced Ca21 release is
remarkably reduced (Jones and Whittingham, 1996; Par-
rington et al., 1998) and type I InsP3R protein is downregu-
ated (Parrington et al., 1998) at the PN stage.
Changes in Wave Initiation Site
The initiation site of the first Ca21 wave was within the
range of 0–25° from the site of sperm–egg fusion. The
points distributed over both the animal and the vegetal
hemispheres except the area within 0–50° of the animal
pole. It is known that sperm–egg fusion hardly takes place (
Copyright © 2000 by Academic Press. All rightt the surface above the meiotic spindle, the area that is free
rom microvilli, cortical granules, and concanavalin A bind-
ng sites (see Yanagimachi, 1994).
A Ca21 wave occurred in all Ca21 transients during Ca21
oscillations. In hamster eggs, the wave occurs only in the
initial two or three Ca21 transients, but in later Ca21
transients, no spatial heterogeneity in [Ca21]i rise was
etected by video fields taken every 16 ms (Miyazaki et al.,
986). In human eggs, [Ca21]i rise begins invariably from a
ocus in the cortex and spreads in the entire peripheral
egion, and then an explosive [Ca21]i rise occurs in the
central region (Tesarik et al., 1995). Thus, the spatial
pattern seems to be different among mammals.
The second Ca21 wave can begin from an arbitrary corti-
cal region which is not the sperm-fusion site, and later Ca21
waves start from regions different from the sperm nucleus
site, probably from the area where Ca21 release is readily
nduced after sensitization by the diffusing sperm factor or
ts secondary messenger. The cortex is more sensitive to
njected sperm extract as well as to InsP3 to induce a Ca21
wave than the central region (Oda et al., 1999). Interest-
ingly, the wave initiation site changes in later Ca21 tran-
sients, as observed in two successive Ca21 transients in
ouse eggs injected with sperm extract (Carroll et al., 1994)
r in Ca21 oscillations in fertilized human eggs (Tesarik and
ousa, 1994). The wave initiation site distributed only in
he vegetal hemisphere at pre-PN stage. In eggs of ascidians
Speksnijder, 1992; McDougall and Sardet, 1995) and nem-
rtean worms (Stricker, 1996), the site gradually shifts to a
ertain pacemaker region in the cortex of the vegetal
emisphere during Ca21 oscillations after fertilization. The
pacemaker region in ascidian eggs is located in the “con-
traction pole” (McDougall and Sardet, 1995), a small pro-
trusion which is formed by cortical contraction at fertiliza-
tion (see below) and contains accumulated ER (Speksnijder
et al., 1993). The ER in mouse eggs distributes as clusters in
the cortex and a fine reticular network in the deep ooplasm
except the region near the meiotic spindle (Mehlmann et
al., 1995). Precise studies are necessary to reveal the reason
for the preferential induction of a Ca21 wave in the vegetal
emisphere. The shift of the Ca21 wave initiation site to the
egetal cortex of the egg may turn out to be an evolution-
rily conserved feature important for development.
Cytoplasmic Movement
We found that a slight deformation of the egg is produced
in such way that a cytoplasm movement is guided by the
preceding Ca21 wave. This is the first report in mammalian
eggs. We also showed that the template matching method
can be applicable as a useful image analysis of a small
movement of the cell. The movement was reversible nearly
to the original position, associated with a rotational back-
ward movement. A dynamic cortical contraction is known
to occur in ascidian eggs shortly after the first Ca21 wave at
ertilization, mediated by the action of microfilaments
Sawada, 1988). The contraction is basically directed to the
s of reproduction in any form reserved.
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312 Deguchi et al.vegetal pole (Sawada, 1988), but the direction is somewhat
changed by the Ca21 wave in Phallusis eggs (Speksnijder et
al., 1990; Roegiers et al., 1995). The contraction not only
sweeps the incorporated sperm nucleus and cortical or-
ganelles toward the contraction pole described above but
also reorganizes cytoplasmic determinants required for cell
fate determination (Nishida, 1997). It is unknown at
present, but notable for future studies, whether the cyto-
plasmic movement of fertilized mouse eggs is a phenom-
enon that corresponds to the contraction of ascidian eggs or
is significant for reorganization of the cytoplasmic compo-
nents for embryonic development.
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